Dok1 is a common substrate of activated protein-tyrosine kinases. It is rapidly tyrosine-phosphorylated in response to receptor tyrosine activation and interacts with ras GTPase-activating protein and Nck, leading to inhibition of ras signaling pathway activation and the c-Jun N-terminal kinase (JNK) and c-Jun activation, respectively. In chronic myelogenous leukemia cells, it has shown constitutive phosphorylation. The N-terminal phosphotyrosine binding (PTB) domain of Dok1 can recognize and bind specifically to phosphotyrosine-containing motifs of receptors. Here we report the crystal structure of the Dok1 PTB domain alone and in complex with a phosphopeptide derived from RET receptor tyrosine kinase. The structure consists of a ␤-sandwich composed of two nearly orthogonal, 7-stranded, antiparallel ␤-sheets, and it is capped at one side by a C-terminal ␣-helix. The RET phosphopeptide binds to Dok1 via a surface groove formed between strand ␤5 and the Cterminal ␣-helix of the PTB domain. The structures reveal the molecular basis for the specific recognition of RET by the Dok1 PTB domain. We also show that Dok1 does not recognize peptide sequences from TrkA and IL-4, which are recognized by Shc and IRS1, respectively.
been identified as the highly phosphorylated 62-kDa protein that interacts with ras GTPase-activating protein in chronic myelogenous leukemia progenitor cells and v-Abl-transformed preB cells (1, 2) . The expression of v-Abl or the chimeric protein p210bcr-Abl in chronic myelogenous leukemia cells has been shown to lead to constitutive Dok1 phosphorylation (1, 2) . Recent studies have shown that Dok1 is a common substrate of activated protein-tyrosine kinases such as v-Abl (2), v-Src (3), BCR (4), EphRs (5), RET (6) , and integrin ␤ (7). It is rapidly tyrosine-phosphorylated in response to receptor tyrosine activation in various cell systems.
Dok1 contains an N-terminal pleckstrin homology (PH) 1 domain followed by a central phosphotyrosine binding (PTB) domain and a proline-and tyrosine-rich C-terminal tail. The PH domain is known to bind to acidic phospholids and localize proteins to the plasma membrane, whereas the PTB domain is known to mediate protein-protein interactions by binding to phosphotyrosine-containing motifs (8) . The C-terminal part of Dok1 contains multiple tyrosine phosphorylation sites. When phosphorylated, they become potential docking sites for Src homology 2-containing proteins such as ras GTPase-activating protein and Nck, leading to inhibition of ras signaling pathway activation and the c-Jun N-terminal kinase (JNK) and c-Jun activation, respectively (6) .
The many proteins that have been identified to contain PTB domains fall into two major groups. The first group contains PTB domains that have primary sequence similarity to the Shc PTB domain. The second group contains insulin receptor substrate (IRS)-like proteins such as IRS, Dok, and SNT/FRS2, which contain PTB domains with limited sequence similarity to the Shc PTB domain but similar binding characteristics (9) . The Dok1 PTB domain belongs to the second group. It is 17% identical in sequence to the IRS PTB domain and was supposed to recognize sequences containing the NKLpY motif (10) . To better understand the PTB domain specificity of Dok and the interaction between Dok1 and RET, we have determined the x-ray crystal structure of the murine Dok1 PTB domain alone and in complex with a phosphopeptide derived from RET.
MATERIALS AND METHODS
Peptide Synthesis and Binding Studies-The following peptides were synthesized by Sigma: the Shc-specific TrkA Tyr(P)-490 (AcHIIENPQpYFSDAGGK-NH 2 ), the IRS1-specific IL-4R Tyr(P)-497 (AcLVIAGNPApYRSGGK-NH 2 ), RET Tyr(P)-1062 (Ac-STWIEN-KLpYGMSDGGK-NH 2 ) and RET Tyr-1062 non-phosphopeptide (Ac-STWIENKLYGMSDGGK-NH 2 ). A C-terminal GGK extension was added to each of the peptides for coupling to the CM5 chip via the lysine side chain amino group. Binding analyses of the Dok1 PTB domain and the peptides were performed using a Biosensor BIAcore instrument (BIACORE 1000) (BIAcore) according to the manufacturer's instructions. CM5 research grade sensor chips (BIAcore) were used. All buffers were filtered before use. The peptide concentration of 200 g/ml and a contact time of 13.3 min at a flow rate of 3 l/min gave ϳ200 resonance units. Three phosphopeptides were coupled to different flow cells of the CM5 chip, respectively. A reference surface was generated simultaneously under the same conditions but without peptide injection and used as a blank to correct for instrument and buffer artifacts. All measurements were conducted in HEPES-buffered saline buffer (10 mM HEPES, pH 7.4, containing 0.15 M NaCl, 3 mM EDTA, and 0.005% Tween 20) at a flow rate of 20 l/min at 25°C. After each measurement, the chip surface was regenerated with 5 l of 6 M guanidine-HCl (pH 7.0) buffer at a flow rate of 10 l/min at 25°C. The Dok1 PTB domain was injected at variable concentrations at 20 l/min flow rate, and binding to the peptides immobilized on the chip was monitored in real time. Response curves were prepared by subtracting the signal generated from the control flow cell. Kinetic parameters were determined using the software BIA evaluation 3.0.
Protein Expression, Purification, and Crystallization-The Histagged murine Dok1 PTB domain (residues 154 -266) was expressed and purified by Ni 2ϩ -chelation chromatography. The N-terminal His tag was removed by thrombin digestion, and the protein was purified as described previously.
2 Se-Met-substituted Dok1 PTB domain was produced in the methionine auxotrophic Escherichia coli strain B834 (DE3) (Novagen). Crystals of Se-Met-derived Dok1 PTB domain were grown in a hanging drop by mixing 1 l of protein solution (7 mg/ml, 10 mM MES (pH 6.5), 50 mM NaCl, 10 mM DTT) and 1 l of reservoir solution containing 28% (v/v) polyethylene glycol 6000, 0.1 M MES (pH 6.0), 10 mM dithiothreitol (DTT). Crystals of Dok1 PTB domain in a complex with RET peptide were grown by the same method using 1 l of protein solution (10 mg/ml, 1 mM RET peptide, 10 mM MES (pH 6.5), 50 mM NaCl, 10 mM DTT) with 1 l of reservoir solution (30% (v/v) polyethylene glycol 6000, 0.1 M PIPES (pH 6.0), 10 mM dithiothreitol (DTT)). The resulting crystals grew after 1 week at 16°C.
Data Collection and Structure Determination-Data were collected from a flash-frozen crystal after soaking the crystal in a reservoir solution containing 20% (v/v) glycerol. The MAD data were collected at the BL41XU beamline at SPring-8. Three different wavelengths were used to obtain the multiwavelength anomalous diffraction data: 0.9798 Å (peak), 0.9800 Å (edge), and 0.9000 Å (remote). Data were integrated, scaled, and merged using the HKL programs DENZO and SCALE-PACK (12) . Crystals of the Dok1 PTB domain belong to the space group P2 1 2 1 2 1 , with unit cell parameters a ϭ 41.1 Å, b ϭ 56.2 Å, c ϭ 99.6 Å, ␣ ϭ ␤ ϭ ␥ ϭ 90°, containing two molecules per asymmetric unit. Three selenium sites were located and refined at 2.5-Å resolution using SOLVE (13) , which produced a mean figure of merit of 0.32. After auto-modeling with RESOLVE (14) , about 50% of all the residues were easily modeled into the experimental map. The remaining residues were traced manually with O (15). CNS (16) was used for refinement and the addition of solvent molecules.
Data from the RET peptide complex crystals were collected at a wavelength of 0.9000 Å at the BL41XU beamline at SPring-8. The crystal also belonged to the space group P2 1 2 1 2 1 , containing two molecules per asymmetric unit, but with different unit cell parameters, a ϭ 45.5 Å, b ϭ 55.7 Å, c ϭ 99.1 Å, ␣ ϭ ␤ ϭ ␥ ϭ 90°. The structure of the complex was phased by molecular replacement using CNS with the model of the free Dok1 PTB domain as the starting model. The RET phosphopeptides bound to the Dok1 PTB domain were located using an F o Ϫ F c difference electron density map. Model building and fitting were carried out using O, and refinement and addition of water molecules were performed using CNS. Data collection, processing, and refinement statistics are given in Table I . The complex model consists of residues 154 -256 of mouse Dok1, the 10 residues of the RET phosphopeptide, and 17 water molecules. Model quality was checked with PROCHECK (17) .
Coordinates-Coordinates and structure factors for the Dok1 PTB domain have been deposited in the Protein Data Bank (accession number 1P5T). Coordinates and structure factors for the Dok1 PTB domain and RET peptide complex have been deposited in the Protein Data Bank (accession number 1EUF).
RESULTS AND DISCUSSION
Specificity of Phosphopeptide Binding-Affinity analysis was performed by means of surface plasmon resonance. The synthetic peptides derived from TrkA (residues 483-494), IL-4R 2 N. Shi, submitted for publication. (residues 489 -499), and RET (residues 1054 -1064) were coupled to the sensor chip, CM5 of BIAcore, and various concentrations of Dok1 PTB domain solutions were run over the chip. The dissociation constant (K d ) of binding of RET phosphopeptide to the Dok1 PTB domain was determined to be 3.2 M from the data in Fig. 1a . Measurements made in the presence of 100 -500 M of its non-phosphorylated counterpart were unchanged. However, no binding could be detected for immobilized Trka and IL-4 peptides (Fig. 1, b and c) , indicating binding specificity of the Dok1 PTB domain to the receptor. Structural Overview-The native structure of the Dok1 PTB domain was determined by MAD phasing to 2.5-Å resolution with Se-Met derivative data. Final statistics for the structure are given in Table I . The electron density was of good quality and well defined for most of the structure. The final model consists of residues 154 -256 of mouse Dok1 in chain A, residues 154 -254 in chain B, and 16 water molecules. The PTB domain of Dok1 adopts a "PH domain-like" fold, with seven strands forming a ␤-sandwich composed of two nearly orthogonal antiparallel ␤-sheets (Fig. 2a) . The ␤-sandwich is capped at one end by a C-terminal ␣-helix.
Structure of the Dok1 PTB Domain-RET Peptide Complex-To gain further insight into the molecular basis for the binding properties of the Dok1 PTB domain, we determined the structure of a 1:1 complex of the Dok1 PTB domain (residues 154 -256) with an 11-residue peptide derived from the C-terminal of RET (residues 1054 -1064). The structure of the complex was determined by molecular replacement using the native structure as a search model. The structure of the complex is displayed in Fig. 2a , and statistics for the structure determination are given in Table I . Clear density was observed for all residues of the RET peptide, with the exception of Ser in the Ϫ8 position relative to the phosphotyrosine (pY-8). The peptide-binding site on the Dok1 PTB domain is characterized by an L-shaped surface groove formed by residues from strand ␤5 and the C-terminal ␣-helix, ␣2. The peptide forms a ␤-turn to occupy the L-shaped binding site (Figs. 2a and 3) .
Phosphopeptide Recognition-Although it is known that PTB , and human IRS1-(160 -262) were aligned. Numbers refer to mouse Dok1. The conserving residues were boxed in red and blue. Critical arginines for phosphotyrosine recognition are indicated by green dots. Alignment was generated using CLUSTAL X (1.8).
domains mainly recognize NPXpY motifs, careful analysis of binding indicates that these domains have slightly different binding specificities (9) . Asparagine in position Ϫ3 relative to phosphotyrosine (pY-3) and the phosphotyrosine group are necessary for binding to most PTB domains. A hydrophobic residue at position Ϫ5 and a proline at Ϫ2 are crucial for the Shc PTB domain, but the amino acids from Ϫ6 to Ϫ8 residues N-terminal to the phosphotyrosine are important for IRS1 binding to the NPXpY motifs. The proline in the NPXpY motifs also appears to be more important for IRS1 PTB binding than for Shc PTB binding. In addition, IRS1 PTB favors a small hydrophobic amino acid such as alanine at the Ϫ1 position. Substituting this alanine by a glutamate (such as insulin receptor) leads to a 30-fold loss of affinity for the IRS1 PTB domain. Studies with a combinatorial phosphopeptide library have indicated that the Dok1 PTB domain recognizes distinct sequences as compared with the IRS1 and Shc PTB domains. Leu at position Ϫ1 and hydrophobic amino acids Tyr, Met, and Phe at Ϫ6 were strongly selected for binding by the Dok1 PTB domain. Similar preferences for hydrophobic residues at position Ϫ5 to Ϫ8 have also been reported for other PTB domains.
Our binding studies show that the Dok1 PTB domain can bind only with the RET peptide and not with the IL-4 receptor and TrkA peptides (Fig. 1) . Previous experiments indicated that IRS1 can bind with IL-4 and insulin receptor peptides and also with the RET peptide but not with the middle T, TrkA, Erb4, or epidermal growth factor receptor peptides that have hydrophobic residues at position Ϫ5 relative to Tyr(P) (9, 18) . The Shc PTB domain can bind with mT, TrkA, Erb4, or epidermal growth factor receptor peptides and also with IL-4 and RET peptides (9, 19) . The distinct specificities of these PTB domains correlate with and may account for some biological differences between these cytoplasmic substrates of tyrosine kinase-linked receptors.
Interactions between RET Peptide and the Dok1 PTB Domain-The RET peptide forms a ␤-turn and fills an L-shaped groove on the surface of the PTB domain that is formed by residues from the ␤5 strand and the C-terminal ␣ helix. The estimated surface area of Dok1 PTB buried by the bound peptide is 761 Å 2 . The recognition groove is composed of residues from the ␤5 strand, the C-terminal ␣-helix, and the 3 10 turn connecting strands ␤4 and ␤5, including Tyr-203, Thr-204, Leu-205, Leu-206, Arg-207, Arg-208, Tyr-209, Arg-211, Ser-217, Phe-218, Gly-221, Arg-222, Phe-242, Ile-249, Gln-252, Lys-253. These residues make extensive contacts with all 10 residues of the RET peptide, through both hydrogen bonds and hydrophobic interactions. The phosphotyrosine is coordinated by Arg-207 and Arg-222, which extend from the ␤5 and ␤6 strands, respectively, and which are conserved in all Dok family proteins (Fig. 2b) . The pY side chain lies in an open pocket created by the 3 10 turn and residues at the end of strands ␤5 and ␤6 (Fig. 2a ). An extensive network of hydrogen bonds and ionic interactions coordinate the phosphate oxygens, consistent with the observation that phosphorylation of the tyrosine is necessary for peptide binding. Replacing Arg-207 with alanine eliminates the ability of the Dok1 PTB domain to bind phosphopeptides (6) . In addition, integrin ␤ 3 and ␤ 7 can bind to the Dok1 PTB domain with their tails containing the Dok1 PTB domain recognition motifs (7) . The replacement with alanine of the Tyr-747 at pY position of integrin ␤ 3 tails or the Tyr-778 at pY position of integrin ␤ 7 tails also disrupted binding to the Dok1 PTB domain (7) .
The backbone of N-terminal residues of the RET peptide, including residues pY-7 Thr, pY-6 Trp, pY-5 Ile, pY-4 Glu, pY-3 Asn, form a strand that hydrogen-bonds with strand ␤5 in an antiparallel orientation. In addition to backbone interactions, there are numerous contacts between the domain and peptide side chains that contribute specifically to the interaction. The indole ring of Trp-6 is bound in a pocket between ␤5 and ␤3 that is composed of Arg-208, Tyr-209, Gly-210, Ser-217, and Phe-218. This large pocket suggests that hydrophobic residues with large side chains might be selected here (Fig. 4b) . Using a combinatorial peptide library approach, Songyang et al. (10) found that Tyr, Met, and Phe were strongly selected at this site. The side chain of Ile-5 shows numerous contacts with Phe-242 in the C-terminal ␣-helix (Fig. 4c) . Large hydrophobic side chains are present at pY-5 in the Dok1 PTB domain recognition motifs. Integrin ␤ 3 and ␤ 7 can bind to the Dok1 PTB domain via their tails, which contain Dok1 PTB domain recognition motifs (7). Replacement of Asp-773 at the Ϫ5 position of integrin ␤ 7 tails with more hydrophobic Ala or Phe residues dramatically increased Dok1 PTB domain binding to ␤7 tails, and con- versely, a substitution of Ala-742 to Asp at the Ϫ5 position in integrin ␤ 3 resulted in reduced binding to Dok1 PTB domain. The Asn at pY-3 is similar to that in other PTB domain recognition motifs NPXpY and appears to play an important structural role in stabilizing the ␤-turn of the peptides formed. The side chains of pY-4 Glu and pY-2 Lys extend away from the surface of the domain. In Dok1 PTB domain, Leu at the Ϫ1 position extends into a hydrophobic pocket composed of Gln-252, Ile-249, and Thr-204 and was exclusively selected (Fig. 4d) . In addition, pYϩ1 Gly forms a hydrogen bond with Thr-204, and the side chain of pYϩ2 Met interacts with Lys-253 (Fig. 5a) .
Comparison with Other PTB Domains-There is 17% sequence identity between the PTB domains of Dok1 and IRS1, whereas there is no significant sequence homology between the PTB domains of Dok1 and Shc. Despite the low sequence homology, the overall structure of the Dok1 PTB domain is similar to its IRS1 (20) and Shc (21) counterparts. Dok1 shares the PH domain-like fold of the PTB domain family (22) (Fig. 6) and a common mode of peptide binding, with the same ␤-turn conformation and orientation of phosphopeptide observed in each of the PTB domains. There are further similarities between IRS1 and the Dok1 PTB domain. Arg-212 and Arg-227, which recognize the phosphotyrosine in IRS1, are equivalent to Arg-207 and Arg-222 in the Dok1 PTB domain. These two residues are also conserved throughout the IRS protein family (Fig. 2b) .
Interestingly, the Dok1 PTB domain has a different set of residues for recognizing the peptide. In IRS1, pY-1 of the peptide interacts with a hydrophobic patch composed of Met-209, Met-260, Ser-261, and Met-257 (Fig. 5b) (20) . Ala was selected in this position, and although pY-1 can be substituted for Glu or Leu, they would result in an unfavorable interaction with this patch. When the pY-1 Ala in IL-4R is substituted by a Glu, as in the case of the insulin receptor, the result is a 30-fold loss in binding to IRS1 (23) . In Dok1, pY-1 of the peptide interacts with a hydrophobic pocket composed of Gln-252, Ile-249, and Thr-204, and Leu was exclusively selected in this position (Fig.  5a ). The different binding of TrkA and RET phosphopeptides to Dok1 may be due to the replacement of Gln by Leu at the pY-1 position. It is demonstrated that pY-1 Leu is very important to the Dok1 PTB domain binding motif.
The proline in position pY-2 is known to be crucial for high affinity binding for Shc and IRS1. Substitution of this residue reduces but does not abolish binding for Shc PTB domain. Meanwhile, substitution of the pY-2 proline with alanine abolishes binding for IRS1 (9) . The side chain of pY-2 Lys extends away from the surface of the domain in Dok1 PTB, where it seems that a proline at position pY-2 is not essential.
Large hydrophobic side chains are present at pY-5 in the Dok1 PTB domain recognition motifs, similar to Shc. However, there is insufficient space in the IRS1 domain complex to accommodate large, hydrophobic side chains at peptide position pY-5. As with the Shc PTB domain, the Dok1 PTB domain can also recognize the motifs of growth factor receptors and transforming proteins that possess large hydrophobic side chains at pY-5, whereas IRS1 does not bind to growth factor receptors. These differences indicate that Dok1 PTB recognizes distinct sequences (NXLpY) as compared with the Shc and IRS1 PTB domain (NPXpY).
Dok1 PTB Domain Binding to RET Isoforms-The RET proto-oncogene encodes a tyrosine kinase receptor that is essential for the development of the enteric nervous system and the kidney. Germline mutations of the RET proto-oncogene cause multiple endocrine neoplasia (MEN) 2A or 2B (24) . RET has three isoforms, RET51, RET9, and RET43, formed by alternative splicing at a site just downstream of tyrosine 1062 (pY) (25) . These isoforms play different roles in tumor development. RET51-MEN2A and RET51-MEN2B mutant proteins have stronger transforming activity than RET9-MEN2A and RET9-MEN2B mutant proteins, respectively (26) . The activity of RET43 is very low (27, 28) . The Tyr-1604 (pYϩ2) residue is different in each of these RET isoforms. The RET9 isoform has arginine in the pYϩ2 position, whereas RET43 has alanine and RET51 has methionine in the equivalent position. In our model of the Dok1 PTB domain-RET peptide complex, the RET peptide is derived from RET51, and the Tyr-1604 (pYϩ2) residue is a methionine that forms a hydrophobic interaction with residue Lys-253 that extends from the C-terminal ␣-helix (the distance between C ⑀ of Met ϩ2 to C ⑀ of Lys-253 is 3.53Å) (Fig. 7a) . When Met in the pYϩ2 position is replaced by Arg, there is still an interaction between Argϩ2 and Lys-253, but it is weakened (the distance between C of Argϩ2 to C ⑀ of Lys-253 is 3.73Å) (Fig. 7b) . However, the substitution of Ala for Met at the pYϩ2 position abolishes the hydrophobic interaction altogether (Fig.  7c) . These findings are consistent with the relative transforming activities of the RET isoforms.
Conclusions-A detailed analysis of the structure of the Dok1 PTB domain and its complex with a RET phosphopeptide has revealed the basis for ligand recognition by the Dok1 PTB domain. We also show that the recognition of peptides by the Dok1 PTB domain is specific since Dok1 cannot bind IL-4 receptor and TrkA peptides that are recognized by Shc and IRS1 PTB domains, respectively. A structural comparison of the Dok1 PTB domain with other PTB domain structures explains their different peptide binding specificities. Furthermore, the distinct specificities of the PTB domains correlate with and should account for key biological differences between these cytoplasmic substrates of tyrosine kinase-linked receptors.
